The recombination of charges is an important process in organic photonic devices because the process influences the device characteristics such as the driving voltage, efficiency and lifetime. By combining the dipole trap theory with the drift-diffusion model, we report that the stationary dipole moment ( 0  ) of the dopant is a major factor determining the recombination mechanism in the dye-doped organic light emitting diodes when the trap depth ( t E characteristics. This finding will be useful in any organic photonic devices where trapping and recombination sites play key roles.
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The recombination of charges refers to a process whereby an electron and a hole are being annihilated and giving off energy. This process produces photons in organic light emitting diodes (OLEDs), but it is a loss mechanism that should be avoided in organic photovoltaics.
Therefore, the recombination of charges is an important process in photonic devices, because the process influences the device characteristics such as the driving voltage, efficiency and lifetime. There are two possible recombination processes in dye doped organic semiconductors:
Langevin recombination (LR) between a free electron and a free hole, and trap-assisted recombination (TAR) between a trapped charge and an opposite free charge.
Trapping in the dopant is known to affect the recombination mechanism in OLEDs. 1 In addition, this trapping phenomenon is affected by dopant parameters such as trap depth ( t E  ) and the concentration of dopant. 2, 3 Therefore, trap-assisted recombination is known as the dominant mechanism in phosphorescent dye-doped OLEDs (PhOLEDs) because the energy levels of the dopants are located deep compared with the host energy levels with large t E  and the dopants act as trap sites. [4] [5] [6] [7] [8] [9] [10] [11] [12] In contrast, there have been reports that some PhOLEDs with deep trap depths have LR-dominant characteristics [13] [14] [15] [16] [17] [18] which cannot be explained based on t E  . 19 It is known that dopant can be considered as a dipole trap and affects charge transport characteristics with energetic disorder arisen from dipole-charge interaction. [20] [21] [22] [23] This approach explained the field dependent mobility of molecularly doped system with polar dopant by modifying well known Bässler's Gaussian disorder model. Even with the previously reported results on dipole-charge interaction in literature, its effect on the recombination process has not consider much in organic photonic devices to our best knowledge.
Here, we consider the stationary dipole moment (μ 0 ) of the dopant as another factor affecting the recombination mechanism and report that 0  of the dopant is indeed a major factor influencing the trapping behavior and the recombination mechanism in dye-doped OLEDs. cd m -2 increase three times higher than the values at 10 cd m -2 , whereas the values of the device with the heteroleptic dyes remain as almost same independent of the luminance. These results are attributed to the difference of the trap characteristics in the two types of the dopants. For the devices with a homoleptic dopant, higher bias should be applied to achieve a specific luminance due to local electric field formed by trapped charges.
The transient EL of the devices clearly confirmed charge trapping in the homoleptic Ir(III) complex-doped devices (Fig. 3) . None of the heteroleptic dopant-based devices exhibited any overshoot in the decay curves under reverse bias after turn-off of the electrical pulse. In contrast, all the homoleptic dopant-based devices exhibited overshoots under reverse bias, although the degree of overshoot differed with different dopants. This overshoot is due to the recombination of residual trapped charges in the dopant, which accelerates the process with increasing reverse bias. 18 
Electrical modeling of dye-doped OLEDs
The difference of the predominant recombination mechanisms in the devices is interpreted based on the different d  due to the different 0  between the two types of dopants. First of all, a modified drift-diffusion model to simulate the electrical properties of the PhOLEDs is developed to clarify these behaviors. 32, 33 This model consists of continuity and Poisson's equations. We additionally take into account a continuity equation for trapped holes to simulate the hole-trapping system. 
where n and p are the densities of free electrons and holes, respectively, t p is the density of trapped holes, V is the electrostatic potential, n  and p  are the mobilities of electrons and holes, q is the electron charge, E is the electric field, and ε is the permittivity of the organic material. Measured time-of-flight (TOF) mobilities, summarized in Table 1 were used in the modeling. We considered the field dependence of mobility using the PooleFrenkel form the trapping of holes in the devices was only taken into account because of the energy level differences between the host and the dopants. Of course, the analysis can easily be extended to electron trapping or the trapping of both electrons and holes for other devices.
The trapping characteristics can be described as a Coulombic interaction between the free charge and 0  of the dopant. The trapping strength depends on the polarity of the dopant. 
This relationship describes the interaction between a charge and a dipole; this study examines the case of the interaction between a hole and a phosphorescent dye molecule. Other parameters not mentioned in the text are summarized in Table S1 
Langevin recombination against trap-assisted recombination
The portion of LR in total recombination, L P , of the PhOLEDs was calculated using the driftdiffusion model. 0
 of the Ir-dopants were calculated with the density functional theory using the program Gaussian09, 34 and were then used to calculate the d  using equation (8) .
Geometry optimization was performed using the B3LYP exchange-correlation functional, the LANL2DZ basis set for the Ir atom, and the 6-311G(d) basis set for all other atoms. Table 2 summarizes the calculated 0
 along with the capture radii, r ( Drift-diffusion modeling combined with dipole trap theory can be a useful tool for obtaining insights and designing efficient OLEDs.
Methods

Device Fabrication
Prior to the deposition, the ITO glass were exposed to UV-ozone flux for 15 minutes followed by cleaning with deionized water and boiling IPA. Devices were fabricated under a pressure of 5×10 -7 Torr. All layers were evaporated thermally and deposited on pre-cleaned patterned ITO electrodes on glass substrates without breaking the vacuum. The active area of the devices is 22 mm 2 . All devices were encapsulated with glass lids using an ultraviolet curing resin. 
Device Characterization
